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Multiferroic magnetoelectrics ͑ME͒ are attractive class of multifunctional materials exhibiting coupling between two or more ferroic orders ͓e.g., ferroelectric ͑FE͒, ferromagnetic ͑FM͒, and/or ferroelastic͔. This ferroic coupling makes these materials attractive candidates for potential applications in memories devices and magnetic field sensors.
1-7 However, there are limited numbers of naturally existing single-phase multiferroic magnetoelectrics which is expected based on the fact that ferromagnetism and ferroelectricity are often incompatible as one requires empty d-orbitals while the other expects them to be partially filled. These problems have been overcome by synthesizing composites based on product rule utilizing elastic coupling. Several approaches have been adopted to synthesize artificial structures that exhibit magnetoelectric coupling. 7 One of these possibilities is FE and FM layered structures or laminates with 2-2 connectivity which has been widely explored in literature. However, the main problem of this architecture in applications for memories is its delayed switching due to strain-dependent coupling occurring at the interface. 8 The response is dependent on magnetoelastic and elastoelectric coupling which is mainly governed by the mechanical impedance mismatch across the interface. The other structures are superlattices composed of FE and FM thin layers, which yield large magnetoelectric effect via strong electromagnetostrictions due to reduced role of interfaces. [9] [10] [11] [12] Ferroelectric lead zirconate titanate Pb͑Zr x Ti 1−x ͒O 3 ͑PZT͒ is common constituent of the superlattice structures owing to its high Curie temperature ͑T C ͒, low coercive field ͑E c ͒, and high remanent polarization ͑P r ͒. These properties also make PZT an excellent candidate for nonvolatile random access memories. 8, 13 To complete the superlattice structure, La x Sr 1−x MnO 3 ͑LSMO͒ is a good candidate, both as ferromagnetic-layer in the sandwich and as the bottom electrode. LSMO is known to exhibit high Curie temperature of about 370 K, colossal magnetoresistance 14 properties, and half-metallic behavior. 15 Further, its lattice parameter ͑3.87 Å͒ matches closely to that of perovskite ferroelectric material. Our previous work 16 has demonstrated dynamic magnetodielectric interaction in bilayered PZT/LSMO thin films that was attributed to Parish-Littlewood mechanism of inhomogeneity near the metal-dielectric interface. In addition, multiferroic properties have been reported in epitaxial La 0.7 Sr 0.3 MnO 3 / PbZr x Ti 1−x O 3 heterostructures which makes this system worthy of further investigation. 17 In this study, we focus on fabrication of series architecture of nanocapacitors as shown in inset of Fig. 1 and investigate their electrical, dielectric, magnetic, magnetodielectric, negative magnetization in zero field cooled ͑ZFC͒ and spin-glass like properties as function of temperature and frequency.
Superlattices ͑SLs͒ with a periodicity of 5nm/1 nm of PbZr 1−x Ti x O 3 ͑x = 0.48͒ ͑PZT͒/La 1−x Sr x MnO 3 ͑x = 0.33͒ ͑LSMO͒ were fabricated by using pulsed laser deposition ͑PLD͒ with total thickness of around 360Ϯ 10 nm. The detailed deposition parameters and electrical characterization are discussed elsewhere. 16 Scanning probe microscopy ͑Veeco-AFM contact mode͒ was used to examine the surface topography, piezo force microscopy ͑PFM͒ surface roughness, and local ferroelectric switching behavior. Magnetic hysteresis, Zero-field cooled ͑ZFC͒ and field cooled ͑FC͒ magnetization were measured by using a Quantum Design MPMS XL-7 superconducting quantum interference device magnetometer ͑SQUID͒. Figure 1͑a͒ shows the -2 x-ray scan around the ͑200͒ fundamental peak ͑38°-52°in 2͒ of ͑PZT 12 u.c / LSMO 3 u.c ͒ 60 superlattice. The number n = Ϯ 1 indicates the nth satellite peak, clearly demonstrating that the periodically modulated structure was achieved. The modulation period was ⌳ = 6 nm calculated from relation ⌳ = / ͑2 ϫ ͑sin n+1 − sin n ͒͒, where is the x-ray wavelength and n+1 , n are the angular position of two adjacent SL satellite peaks. 18 In order to examine the in-plane crystallographic coherence, a ⌽-scan shown in Fig. 1͑b͒ was realized around ͑202͒ plane with the axis normal to the plane of substrate. Four peaks at the interval of 90°spacing from each other were clearly observed, indicating the fourfold symmetry. The ⌽-scan shows the same rotation angles as those of the LAO ͑220͒ which confirms that the SLs were grown epitaxially block-byblock. The in-plane lattice parameters of oriented PZT and LSMO grown on LAO ͑001͒ were found to be a͑Å͒ PZT = 4.0472 and a͑Å͒ LSMO = 3.9139 which is slightly higher as compared to bulk counterpart aЈ͑Å͒ PZT = 4.0362 and aЈ͑Å͒ LSMO = 3.8715. These data indicate that the epitaxial films were relaxed. The central peak ͑a͑Å͒ = 4.0622͒ of superlattice showed small ͑ϳ0.64%͒ in-plane tensile strain compared to bulk aЈ͑Å͒ PZT = 4.0362 calculated using the equation = a PZT͑bulk͒ − a SL / a PZT͑bulk͒ ϫ 100. The full width at half maximum of the rocking curve of 202 peak of PZT and LSMO were found to be 0.27°and 0.19°, suggesting high crystalline quality ͓inset of Fig. 1͑b͔͒ . Surface topography showed homogeneous surface of the films with average roughness of 1.5 nm ͓inset Fig. 1͑a͔͒ .
Ferromagnetic behavior of SL due to LSMO layers was demonstrated from the magnetic hysteresis loops measured at 50, 200, and 300 K as shown in Fig. 2͑a͒ . The coercive fields were 97, 27, and 16 Oe, respectively ͓inset Fig. 2͑a͔͒ under application of 25 KOe external magnetic field. The temperature dependent ZFC and FC magnetization curves are shown in Fig. 2͑b͒ . These measurements show splitting around 230 K ͑under 100 Oe͒ indicating thermomagnetic irreversibility ͑M ZFC M FC ͒ and the irreversibility effect, M irr ͑M FC −M ZFC ͒ which decreases in the presence of strong magnetic field ͑1000 Oe͒. This type of irreversibility in magnetization ͑thermomagnetic hysteresis͒ and the cusps that appear in ZFC curves are typically characteristic of cluster-spin glass systems. [19] [20] [21] [22] In our system, this phenomenon may be attributed to the disordered distribution of Mn 3+ and Mn
4+
ions and the competition between FM and antiferromagnetic ͑AFM͒ interactions. 20 Further, spin-glass behavior may be ascribed to the diffusion of domain walls. The negative magnetization observed in ZFC curve ͑100 Oe͒ below 75 K could be interpreted as ͑i͒ an artifact due to small negative field trapped in the superconducting magnet 21 or ͑ii͒ as an AFM coupling between uncompensated spins trapped across ferroelectric-ferromagnetic interface and ferroelectric domain wall. We believe that the latter interpretation is more applicable in our case based on the PFM measurements that indicated pinning of domain boundary. Negative magnetization in ZFC curves has been observed in polycrystalline CoCr 2 O 4 , which was attributed to the trapped spins across the grain boundary. 22 This effect only persists at low magnitude of ZFC external magnetic field ͑Ͻ100 Oe͒. The experimental Curie temperature ͑T C ϳ 312 K͒ was determined by linear extrapolation of the magnetization to the base line in ZFC/FC measurements at applied magnetic field of 1000 Oe. This value is slightly smaller than that reported magnitude for bulk La 0.67 Sr 0.33 MnO 3 , whose T c was found to be around 350 K. The reduction of ferromagnetism in SL was associated with the effect of in-plane tensile strain experienced by the ultrathin ͑ϳ1 nm͒ LSMO ͑a = 3.871 Å͒ layers sandwiched between 5 nm PZT ͑a = 4.036 Å͒ layers.
The variation of ferromagnetic T C as a function of strain can be expressed 23 as T C ͑⑀͒ =T C ͑⑀ =0͒͑1−␣⑀ B −1/ 2⌬⑀Ј 2 ͒, where ⑀ B is bulk strain, ⑀Ј is Jahn-Teller ͑JT͒ strain and ␣ and ⌬ represent the relative weight of symmetry-conserving bulk strain and symmetry-breaking JT strain, respectively. Therefore, the decrease in T C is larger for ⑀ B Ͼ 0 ͑tensile strain͒ than ⑀ B Ͻ 0 ͑compressive strain͒. Figure 3͑a͒ shows the room temperature electric field dependence of dielectric constant at different frequencies for PZT/LSMO SL. The SL 
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structure exhibited a typical butterfly curve expected for a ferroelectric material. The dielectric tunability of 35% was calculated from relation ͉ ͑0͒ − ͑E͒ ͉ / ͑0͒ , where ͑0͒ and ͑E͒ are the dielectric constant at zero and applied electric field E, respectively. The ferroelectric hysteresis loop ͑P-E͒ at 300 K and 1 kHz frequency under a maximum applied electric field of 250 kV/cm is shown in Fig. 3͑b͒ . The measured remnant polarization was found to be P r =11 C / cm 2 with coercive field of 42 kV/cm. The low temperature P-E measurements at different applied voltages and 50 Hz frequency are shown in inset of Fig. 3͑b͒ .
The effect of ferromagnetic transition of LSMO on the dielectric constant ͑͒ in the SL structure is shown in the inset of Fig. 3͑b͒ . The measurements were conducted in the temperature range of 100-600 K and frequency range of 10 2 -10 6 Hz. It can be seen that dielectric constant exhibits strong frequency dispersion with a rapid decrease in the magnitude at higher frequencies close to the semimetal ferromagnetic to semi-insulating paramagnetic phase transitions. These results are in accordance with the Cole-Cole plot ͑not shown here͒ which indicated shifting of relaxation frequency to lower side with increase in temperature. The potential cause of this behavior is related to the metalferromagnetic to insulator-paramagnetic ͑M-I͒ transition of LSMO which exhibits conductor behavior at low frequency in the vicinity of M-I transition, whereas it becomes insulating at high frequencies Ͼ10 4 Hz. We observe a dielectric anomaly below 314 K where the FM ordering emerges. This sharp increase in dielectric constant is signature of dynamic coupling among the dielectric, magnetic, and electric properties of LSMO.
Switching behavior of ferroelectric domains was investigated by using scanning probe microscopy and lock-in amplifier technique. We applied dc bias voltage between the LSMO bottom electrode and conducting AFM tip. Positive and negative bias voltages ͑+ / −8 V͒ greater than the coercive field were employed to switch the domains which in turn results in opposite contrast in phase and amplitude image as can be seen in Fig. 4 . These observations suggest that we can switch polarization of 5 nm capacitor with 1 nm magnetic electrode locally as well as globally ͑Fig. 3͒.
In summary, we have epitaxially grown 5 nm PZT capacitors connected in series with 1 nm conducting LSMO electrode. We directly measured large polarization for 100 m 2 electrode area and switching of local polarization by PFM for these nanocapacitors. Series connected nanocapacitors exhibited room temperature multiferroics properties. Low magnetic field ZFC data indicated spin-glass-like behavior in SL unlike to that of bilayer structure. Dynamic magnetoresistive-dielectric coupling was observed in the vicinity of magnetic phase transition.
This work was partially supported by DoE FG 02-08ER46526 and NSF-RII-0701-525 grants to UPR. 
